Aging is a gradual loss of physiological functions as organisms' progress in age. Although aging in multicellular organisms is complex, some fundamental mechanisms and pathways may be shared from the single cellular yeast to human. Budding yeast Saccharomyces cerevisiae has been established model system for aging studies. A yeast cell divides asymmetrically to produce two cells that differ in size and age. The one that is smaller coming from bud is a newborn cell that with a full replicative potential head irrespective of the replicative age of its mother-the larger cell from which the bud grows out before division. The age asymmetry between daughter and mother is thought to be dependent on asymmetric segregation of certain factors such as protein aggregates, extrachromosomal DNA (ERCs) and dysfunctional organelles during successive cell divisions of the yeast replicative lifespan (RLS). It is also thought that certain plasma membrane proteins, in particular multidrug-resistant (MDR) proteins, asymmetrically partition between the mother and the bud based on the age of the polypeptides. Functional decline associated with the molecular aging of those proteins contributes to the fitness decline at advance age. In our recent study, we showed that sphingolipids facilitate the age-dependent segregation of MDRs between daughter and mother cell. In this review, we highlight and discuss the potential mechanisms by which sphingolipids regulate the aging process in yeast and cells of vertebrate animals including human.
Introduction
Demographics of the world are changing rapidly where old populations are growing at unprecedented rate. Aging is the leading risk factor for an array of diseases that negatively affect people's quality of life (Jin et al. 2014; Reeve et al. 2014) . If the aging process can be intervened, it could reduce the incidences and impede the progression of age-related diseases and extend the health lifespan. Aging studies are therefore of great importance in biomedical research. Aging is a multifaceted process influenced by many intrinsic and extrinsic factors (Kirkwood 2008) . A mechanistic understanding of the aging process is required for developing effective therapeutic intervention of age-related diseases. Despite the differences in the manifestation of aging in diverse organism (Kirkwood 2005; Shmookler Reis 2012) , some molecular processes may be conserved. Budding yeast Saccharomyces cerevisiae has been a valuable experimental system for gaining insights into the aging process on the cellular level (Kaeberlein et al. 2007 ). Lessons learnt in yeast are likely to be useful for the understanding of aging in vertebrates including human (Wasko and Kaeberlein 2014) . In this review, we will first discuss the possible mechanisms by which sphingolipids regulate the aging process in yeast and then discuss the relevance of sphingolipid-regulated processes for cellular aging in vertebrate animals including human.
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Factors influencing aging during yeast RLS
Budding yeast can go through two different types of lifespans: replicative and chronological. Replicative lifespan (RLS) is the number of daughters produced by each actively dividing mother cell before it dies, whereas chronological lifespan (CLS) is the length of time spent a non-dividing yeast cell stay viable in the stationary phase (G 0 -arrested) (Polymenis and Kennedy 2012) . During RLS, yeast cells go through many morphological and physiological changes that result in the intrinsic agerelated decline in reproductive potential, termed functional senescence, which does not apply to stationary phase cells during CLS (Jazwinski 2002) . Since biological aging process is the product of functional senescence, RLS appears to be a better model for cellular aging. Importantly, recent studies in animal models and mammalian stem-like cells suggest that replicative aging in yeast may be a model for stem cell aging (Liu and Rando 2011; Schultz and Sinclair 2016) . Stem cells exhibit functional decline with age also termed as 'stem cell exhaustion', a hallmark of organismal aging (Lopez-Otin et al. 2013) , as it leads to the decline in organisms' capacity for tissue repair and regeneration.
Under unperturbed conditions, each round of cell division in S. cerevisiae produces an older mother cell and a younger daughter cell. Factors that contribute to this age asymmetry are segregated between the mother and the bud prior to cytokinesis (Henderson and Gottschling 2008) . The asymmetry of aging in yeast has been attributed to progressive and asymmetric accumulation of detrimental factors (Henderson and Gottschling 2008) , such as extra chromosomal rDNA circles (ERCs) (Sinclair and Guarente 1997) and oxidatively damaged proteins (Aguilaniu et al. 2003; Erjavec et al. 2007) , as well as the gradual decline of organelle activities, such as that of mitochondria (Delaney et al. 2013; McFaline-Figueroa et al. 2011) or vacuole (Hughes and Gottschling 2012) in the aging mother cell. Interestingly, retrotransposons have also been speculated to contribute to cellular aging by promoting the genomic instability or activating DNA damage checkpoints during the course of aging (Maxwell 2016) . In addition, certain plasma membrane proteins belonging to the MDR family of proteins are asymmetrically partitioned between the mother and the bud with respect to polypeptide age. MDRs are multi-pass transmembrane proteins that carry out nutrient uptake and removal of harmful metabolites from the cell (Ernst et al. 2005) . It was observed that MDR protein synthesis is regulated in a cell-cycle-dependent manner (Eldakak et al. 2010) . After the original discovery, the list of these asymmetrically partitioned proteins was expanded using a systematic approach to identify genes encoding long-lived and asymmetrically retained proteins (LARPs) in the yeast genome (Thayer et al. 2014) . MDRs are shown to associate stably with the cell cortex (Eldakak et al. 2010; Ganguly et al. 2009; Singh et al. 2017; Spira et al. 2012) and exhibit limited turnover with each cell cycle (Eldakak et al. 2010) . Through computational modeling based on experimentally determined parameters, it was speculated that the 'average age' of MDR polypeptides increases in mother cell of advanced replicative age. Importantly, functional efficiency of MDRs decreases with progress in replicative age, likely due to both protein turnover and accumulation of damage. While loss of MDRs reduces RLS, increasing the copy number of certain MDR extend, suggesting that MDRs are beneficial factor during cellular aging and their progressive decline in function contributes to viability loss at advanced replicative age.
Mechanism behind stable retention of MDRs at cell cortex
Through a combination of genetics and multi-color high-resolution live cell microscopy approaches, we showed that the newly synthesized MDRs are preferentially deposited into the bud PM prior to cytokinesis, whereas old MDR proteins are retained by the mother cell (Singh et al. 2017) . Thus, mother cell maintains its own original set of MDRs while bud cell receives most of the newly synthesized set during the cell cycle in which it is born. In addition, MDRs are stably associated with cortex and do not exhibit lateral mobility in the PM (Eldakak et al. 2010; Ganguly et al. 2009; Singh et al. 2017; Spira et al. 2012) . Thus, the segregation of MDRs based on polypeptide age is maintained through their cell-cycle-dependent synthesis, polarized deposition and restriction of lateral mobility in the yeast PM. We investigated several possibilities that could restrict MDR diffusion in the PM of dividing yeast.
First, we investigated the role of the septin cytoskeleton assembly in restricting the mobility of MDRs at budneck. The septin assembly at bud neck is known to act as a diffusion barrier for known aging factors such as protein aggregates and ERCs in dividing yeast cell (Caudron and Barral 2009; Gladfelter et al. 2001; Mostowy and Cossart 2012; Ong et al. 2014; Saarikangas and Barral 2016) . Upon a thorough investigation, we concluded that the septin/ER barrier is not responsible for the age-dependent MDR segregation in daughter and mother cells (Singh et al. 2017) . Second, we examined whether eisosome structures in yeast plasma membrane (PM) could restrict the diffusion of MDRs to maintain their asymmetric distribution in dividing cell. Similar to MDRs, eisosomes are asymmetrically distributed immobile structures in yeast PM (Douglas and Konopka 2014) . Interestingly, eisosomes act as a membrane reservoir and can regulate the exchange of lipids in PM (Kabeche et al. 2015) . Therefore, the possibility that eisosomes regulate MDR asymmetry through modulating the membrane packing appeared attractive. Pil1, an essential subunit of eisosomes, is required for eisosome biogenesis in yeast (Moreira et al. 2009 ). However, we observed no significant change in age-dependent bud-mother asymmetry and lateral diffusion of Tpo1, an example MDR protein, in ∆pil1 strain, suggesting that eisosomes do not play a role in this process (unpublished observation).
All MDRs are transmembrane proteins that contain multiple long (≥ 24 amino acid residues) transmembrane domains. Interestingly, sphingolipids contain unusually long acyl chains in comparison to phospholipids in yeast (Ejsing et al. 2009 ). Lipid-protein interactions are known to play a crucial function in restricting the lateral diffusion of the membrane protein (Gambin et al. 2006; Lee 2004) . Further, long acyl chains of lipids are known to stabilize transmembrane proteins and peptides through providing hydrophobic match in the membrane bilayer (Ramadurai et al. 2010a, b) . Indeed, we found that age-dependent MDR asymmetry between the mother and bud is compromised with a concomitant increase in their lateral diffusion in the PM under sphingolipid depletion (Singh et al. 2017 ). Importantly, shortening of the long acyl chain of sphingolipid to the chain length of phospholipids resulted in a significant loss of mother-bud asymmetry with a concomitant increase in Tpo1 mobility in the yeast PM (Singh et al. 2017) . We proposed that the long acyl chains of sphingolipids provide hydrophobic match to the long transmembrane domains of MDR proteins. This way, thermodynamically unfavorable interactions between nonpolar hydrophobic transmembrane amino acids of MDRs with polar aqueous environment are minimized. At the molecular level, long chains of sphingolipids could directly interact with long transmembrane domain of proteins increasing the local thickness of the membrane to provide hydrophobic match to long transmembrane domains. Or, they might form patches of thicker membrane domains surrounding MDR proteins. All these possibilities may co-exist and remain to be further investigated. At the biochemical and biophysical level, lipid chain length modulates the binding affinities of lipids with long transmembrane proteins through hydrophobic match. The chain length dependences of the lipid association with long transmembrane of proteins are the result of minimization of the overall thermodynamic energy due to net impact of elastic chain extension and reduction in the contact of hydrophobic patches transmembrane with polar surfaces of the membrane (Marsh 2008) . Importantly, sphingolipids are known to interact with sterols to form stable membrane domains sometimes called lipid rafts in live cells (Simons and Ikonen 1997) . However, we did not observe any impact of alteration in ergosterol synthesis on the lateral diffusion and asymmetry of MDR proteins between the mother and daughter cell in dividing yeast (Singh et al. 2017 ). These results suggest that sphingolipid-mediated diffusion barrier is distinct and operates through a different mechanism from that of the classic lipid rafts.
Do sphingolipids create membrane diffusion barrier in other organisms?
Sphingolipids constitute a significant fraction of the PM and contain acyl chains of C16-24, often saturated in most mammalian cells. However, epidermal keratinocytes and male germ cells largely express sphingolipids with long chains (C26-C36) during their differentiation and maturation (Sandhoff 2010) . Long-chain sphingolipids in keratinocytes participate in the covalent binding of -OH ceramides to corneocyte proteins (predominantly involucrin) and in the formation of a water-resistant structure in the stratum corneum, also designated as cornified lipid envelope (CLE) and are thus crucial for maintaining proper skin barrier function (Radner et al. 2010) , and are also speculated to be involved in differentiation of spermatocytes/spermatids (Poulos et al. 1987) . At the molecular level, long-chain sphingolipids harbor unique biophysical properties not possessed by regular chain sphingolipids such as effects on membrane packing, microdomain formation, and signaling across the membrane (Kasahara and Sanai 2000; Simons and Ikonen 1997; Sonnino et al. 2009 ). For example, studies using artificial lipid bilayers have suggested that the long-chain fatty acyl chains in sphingolipids may interdigitate with the opposing leaflet and facilitate lipid micro-domain formation (Morrow et al. 1995) .
Yeast sphingolipids consist exclusively of saturated long-chain (C26) sphingolipids (Ejsing et al. 2009 ). Synthesis of long-chain sphingolipids is important for yeast, and mutant strains with a low amount of long-chain sphingolipids exhibit defects in vesicular transport (Obara et al. 2013) . Long-chain sphingolipids may have a conserved role in vesicular trafficking systems across the phyla (Sassa and Kihara 2014) . In our study, we observed that MDR asymmetry in budding yeast is maintained through the restriction of their lateral mobility. To understand if these functions of sphingolipids in maintaining MDR asymmetric distribution are conserved in the distantly related fission yeast (Sipiczki 2000) , we studied the distribution and lateral mobility of Mrh1, the Tpo1 homolog in fission yeast. As opposed to budding yeast but similar to mammalian cells, fission yeast divides symmetrically (Balasubramanian et al. 2004) . A cylindrical fission yeast cell divides in the middle through formation of a septum to produce two daughter cells of identical size. A daughter cell grows linearly first at the old end (monopolar growth) and later at both ends (bipolar growth) (Mitchison and Nurse 1985) . It is unclear if fission yeast also contains long acyl chain sphingolipids. Importantly, sphingolipids are important membrane constituents; they regulate several cellular processes such as cell proliferation, endocytosis and trafficking (Hannun and Obeid 2008) . Interestingly, terminal sphingolipid in fission yeast is mannosylinositol phosphorylceramide (MIPC) as opposed to mannosyldiinositol phosphorylceramide (M(IP)2C) in budding yeast (Nakase et al. 2010) . Similar to the pattern in budding yeast, the growing ends of fission yeast, equivalent to the growing bud, do not carry Mrh1, whereas the protein decorates the non-growing mid part of the cell cortex (Singh et al. 2017) . Importantly, sphingolipid depletion resulted in a loss of this Mrh1 pattern in fission yeast with an increase in the lateral diffusion of Mrh1 (Singh et al. 2017 ). Thus, a sphingolipid-mediated membrane diffusion barrier exists in two evolutionary distant yeasts that differ in their cell division pattern. It will be interesting to investigate in future work whether sphingolipids also help determine the distribution of PM proteins in metazoan organisms by restricting their lateral diffusion.
Sphingolipids in aging
Lipid alterations are developmentally regulated and occur with age in different tissues, organs in human and other organisms . It is generally accepted that lipid turnover is rapid and dysregulation in turnover results in disease (Dawidowicz 1987; Liu et al. 2013a; Phillips et al. 2009 ). Lipid turnover rate varies widely depending on cell, tissue and organ in humans. For example, mean lipid age in human adipocytes is 1.6 years, whereas age of adipocyte is 9.5 years suggesting that lipids, on average, are replaced six times in the lifespan of an adipocyte in human (Arner et al. 2011 ). In the lens, pronounced alterations has been reported in lipid composition over the lifespan of human ), but sphingolipids do not turn over and are long-lived in the center of the human ocular lens during the entire human lifespan (Hughes et al. 2015) . Direct links between sphingolipids and the pathogenesis of ocular diseases have been discussed elsewhere (Chen et al. 2014) . Sphingolipids are involved in a number of cellular processes such as cell proliferation, endocytosis and trafficking (Hannun and Obeid 2008) . Importantly, sphingolipids have been implicated in cellular aging across different phyla Cutler et al. 2014; ). There appears to be more than one sphingolipid-mediated mechanism in cellular aging. Sphingolipids have been found to accumulate in long-living cohort of human population and were declared as markers and biological modulators of healthy aging in humans by providing a better antioxidant capacity and participating in membrane remodeling process (Collino et al. 2013; Montoliu et al. 2014) . A Drosophila mutant that exhibits ~ 70% decrease in sphingolipid level, shows decreased membrane packing and enhanced oxidative damage to cellular proteins possibly due to increased susceptibility to reactive oxygen species (ROS). This in turn results in shorter lifespan of Drosophila (Rao et al. 2007 ). Furthermore, a significant drop in glucosylceramide sphingolipid was observed in aged CD4 + T cells, and a reduction in glucosylceramide level using pharmacological inhibitors resulted in age-related impairments in CD4 + T cell function (Molano et al. 2012) . These data implied beneficial functions of sphingolipids during aging, consistent with our finding that that alteration in sphingolipid level and structure leads to reduction in yeast RLS which is largely due to the loss of MDR from mother cell with replicate age (Singh et al. 2017 ). However, it was reported that downregulation of sphingolipids using pharmacological and genetic approaches through inhibition of serine palmitoyl transferase (SPT) activity, the first enzyme in sphingolipid biosynthesis, extends chronological life span (CLS) in budding yeast Liu et al. 2013 ). However, CLS in yeast may be quite different from physiological aging process studied elsewhere because yeast cells evaluated for CLS are in a low metabolic state, which is different from highly active dividing cells or differentiated non-dividing cells with specialized functions.
Effect of sphingolipids on other asymmetric aging factors
As discussed above, sphingolipids appear to be a critical player in cellular aging. However, their mechanisms of action are not clearly understood. For instance, while they were found to regulate the asymmetric segregation of MDRs during yeast RLS, their role in the asymmetric distribution of other known aging determinants has not been studied systematically. Clay et al. reported that misfolded proteins in the ER are confined into the mother compartment of budding yeast cells through a sphingolipid-mediated diffusion barrier in the ER-membrane at the bud neck (Clay et al. 2014) . Sphingolipids are synthesized at ER but are not known to be present in ER membrane, consistent with the observation of fast diffusion of Tpo1 in ER membrane in our study (Singh et al. 2017) . Thus, it is unclear how sphingolipids restrict the diffusion of misfolded proteins in the ER. In another example, sphingolipids are shown to be involved in the mitochondrial segregation in dividing yeast as increased level of sphingolipid bases altered the mitochondria protein level (Yi et al. 2016) . In addition, an increase in sphingolipids inhibited mitochondrial fusion and resulted in their fragmentation leading to their functional dysregulation. These results suggest that abnormally increased sphingolipid could accelerate the aging process by impairing mitochondrial structural integrity and functions (Yi et al. 2016 ).
Conclusion and perspective
Increasing evidence suggests that sphingolipids are involved in cellular aging from unicellular yeast to human. However, their role appears to be quite complex as this lipid participates in a myriad of cellular processes. While recent data showed that sphingolipids help maintain the age-dependent MDR protein asymmetry between the mother and daughter in dividing yeast cells, the underlying molecular and biophysical mechanisms remain to be further studied. Do long chains of sphingolipids directly interact with MDR or create lateral domains of thicker membrane in the PM? Do other lipids cooperate with sphingolipids in these mechanisms? Furthermore, to what extent the hydrophobic matching between long-chain sphingolipid and long transmembrane sequences of MDRs helps restrict the latter's diffusion in the PM. As sphingolipid depletion did not completely release the restriction of MDRs diffusion, what other mechanisms independent of sphingolipids might be at work? Additionally, it would be interesting to examine if similar to MDR synthesis, sphingolipid synthesis is regulated in a cell-cycledependent manner and shows any spatial pattern. The rate of sphingolipid turnover in yeast will also be of interest as this may further validate this lipid's role as an aging determinant. To this end, a biosensor for sphingolipids would be required to track their synthesis and distribution in a spatiotemporal manner. Such tools, as well as insights from simple model organisms such as yeast, will help further illuminate the role of sphingolipids lipids in cellular aging.
